INTRODUCTION
It is now known [1, 2] that the fatigue life of operational aircraft is governed by the growth of lead cracks, i.e. the fastest cracks in the structure, that have the following characteristics, from [1] , viz:
i. Typical initial discontinuity sizes are about equivalent to a 0.01 mm deep fatigue crack. ii. They start to grow shortly after the aircraft is introduced into service. iii. The majority of the life is consumed growing to a size that can be detected using existing non destructive inspection techniques. a) ".. it is inevitable that cracks or crack-like discontinuities will be present in fabricated steel elements. Thus, the engineer is responsible to consider the consequences of potential fatigue and subsequent brittle fracture. The fatigue behavior of a fabricated steel structure is controlled by the presence of pre-existing cracks or crack-like discontinuities, which most often occur at welded connections or other areas of stress concentrations. Consequently, there is little or no time during the life of the structure that is taken up with "initiating" cracks."
b) "Experience in the laboratory shows that as much as 80% of the fatigue life has been consumed by the time a fatigue crack emanating from an internal flaw reaches the surface and can be observed."
The similarity associated with cracking in bridges and cracking in aircraft is reinforced in Figures  1 and 2 which shows cracking in a bridge section and cracking in the D6ac steel wing pivot fitting in the 1969 General Dynamics, now Lockheed, F-111 wing fatigue tested under a representative F-111 usage spectrum 1 respectively. Both figures show how cracking grew from small sub mm material discontinuities.
Of particular interest is the fact that the da/dN versus ∆K curves for bridge steels are similar to that of the high strength aerospace steel D6ac steel. To illustrate this Figure 3 presents the da/dN versus ∆K relationship suggested by the Japan Society of Steel Construction (JSSC) [7] , viz: da/dN = 1.5 x 10 -11 (K) 2.75 (1) and the da/dN versus ∆K relationship suggested in [8] , viz:
da/dN = 6.86 x 10 -12 (K) 3 (2) together with the da/dN versus ∆K curves presented in [9] for D6ac steel tested at R values that ranged from 0.1 to 0.9.
Here we see that, allowing for experimental error, the da/dN versus ∆K relationship suggested by the Japan Society of Steel Construction (JSSC) and by Barsom and Rolfe for bridge steels are similar and essentially coincide with the experimental data associated with D6ac steel. Furthermore, the da/dN versus ∆K is essentially R ratio independent, as are both equations (1) and (2) . The lack of an R ratio dependency means that there is no crack closure and hence that crack growth in bridge steels should not be modelled using crack closure based crack growth equations.
First ply failure
The similarity between crack growth in bridge steels and operational aircraft coupled with the similarity seen in the crack growth behaviour of bridges steels and D6ac steel is particularly interesting since the origin of the application of bonded carbon fibre reinforced polymers (CFRP) to repair/rehabilitate civil infrastructure can be traced back to the use of bonded patches to repair military aircraft [10] [11] [12] [13] [14] [15] [16] . In this context the ability of an eternally bonded composite repair 2 to successfully reduce the strain in the highly loaded 3 D6ac steel wing pivot fitting by approximately 30% [11] , the steel wing pivot fitting transmitted the flight loads through to the carry through box, was one of the early papers that highlighted the potential for bonded composite repairs to repair/rehabilitate steel bridges which are generally subjected to far lower loads. During the operational life of the aircraft twenty aircraft (i.e. thirty eight wings with a total of seventy six doublers, there are two doublers per wing) were successfully proof loaded in the US and a further two wings passed a proof load test in Australia [14] . This led to an enunciation of the failure mechanisms for bonded composite joints and repairs to both civil infra-structure and military [15, 16, 17] and civil transport aircraft [19] and to the development of validated design criteria for composite repairs [17, 18, 19] . Figure 4 presents a typical failure surface associated with boron epoxy repairs to aluminium structures, from [15] . Whilst the propensity of composite joints to fail due to cohesive delamination had been known [20] this failure mechanism, which involves interfacial disbonding between the adhesive and the patch followed by final failure in the composite due to delamination of the upper 9 plies from the (1st ) ply next to the adhesive boron interface, was first explained in [15] . This "1 st ply failure" mechanism was also seen in the boron epoxy repair to the F-111 wing pivot fitting, see Figure 5 , and is reported in [21, 22] . This 1st ply failure mechanism is also visible in the failures shown in [23, 24] in CFRP bonded repairs (to bridge steels) and joints. It is a combination of failure mode (c) and failure mode (d) shown in the schematic diagram given in [23] , and reproduced in Figure 6 . As such one aspect of the present paper is to stress the potential for 1st ply failure to occur in both CFRP and boron epoxy repairs and metal to composite joints.
Fortunately as exemplified by the doubler modifications adopted following an early F-111 failure the use of a thin interleaf adhesive, in this particular instance a 0.025 mm thick layer of FM300-2, between the 1 st and the 2 nd plies, can be used to both toughen the matrix material and also reduce the local interlaminar stresses and thereby largely overcome this failure mechanism, see [13, 25] for more details. As such the use of a thin interleaf layer between the 1 st and 2 nd plies of the composite doubler is recommended for all composite repairs.
Experimental test and analysis requirements for CFRP repairs to operational structures
The effect that elevated temperatures and the environment, including the effect of combined temperature and moisture, have on both the static strength and the fatigue life of composite repairs was documented in [22] . This study, which reinforced the role that 1 st ply failure plays in composite repairs, concluded:
"The fracture paths in this bonded system indicated that the environment appeared to have affected the adhesive and/or composite matrix materials to a greater extent than the adhesiveadherend interfaces. Additionally, the crack growth rate sensitivity of this bonded metal-composite system far exceeded that of metals. Though unaffected by long-term environmental exposure, this high sensitivity suggests that continued operation of bonded structures below the identified threshold is necessary to avoid unanticipated rapid Mode I crack growth."
In the tests described in [22] hot/wet exposure for 5,000 hours resulted a reduction in the load carrying capacity of up to 50%. This study led to the realisation that a hot/wet environment can adversely affect the adhesive and/or the composite matrix rather than the metal-adhesive interface. Similar findings have also been reported for CFRP to steel joints/repairs [26] .
However, with respect to the design approach proposed in [22] , i.e. that repairs should be designed such that after patching ΔK is beneath its (long crack) threshold value it is explained in Appendix X3 of the ASTM fatigue test standard E647-13a that for cracks that occur in operational structures the fatigue threshold is very low. Indeed, E647-13a Appendix questions if a threshold exists.
As such the conclusion stated in [22] , and repeated above, reflects a common misunderstanding in the nature of the tests needed to assess the effect of composite repairs to operational structures, albeit either aerospace or civil infrastructure. This is because, as stated in ASTM E647-13a, even if the value of ΔK is beneath its (long crack) threshold value it may not be beneath the threshold that will be seen in the structure. This is because, unlike long cracks, naturally occurring cracks have a very small fatigue threshold which can be expected to be significantly smaller than the corresponding long crack threshold.
Until recently tests used to assess the effectiveness of composite repairs used specimens where the repairs were applied to long cracks that were generated using ASTM like specimens, viz: centre notch panels or edge cracked specimens with initial cracks that were grown from artificial initial notches. As explained above and in ASTM E647-13a and [27] such specimens yield a da/dN versus ∆K curve that has a sigmoidal shape with a well defined fatigue threshold ∆Kth. As such when such specimens are repaired with a composite patch then if the value of ∆K after patching is less than ∆Kth for the specimen then crack growth is stopped. However, as explained above and in Appendix X3 of ASTM E647-13a and also in [27] for cracks that have arisen and grown naturally in operational structures the threshold is dramatically lower that the ∆Kth for such (long crack) specimens. As such even though when a patch is applied to a relatively long crack in an operational structure the stress intensity factor (after patching) is greatly reduced it can still be greater than the actual threshold value that is seen in the real (operational) structure. Hence, even though the laboratory test (on a repaired ASTM like specimen) would suggest that the patch would stop crack growth when the patch is applied to the real structure crack growth can nevertheless occur. (Here it should be recalled that, as mentioned above, E647-13a questions whether a threshold exists for cracks that arise and grow naturally in operational structures.) As such, as first explained in [27] , if laboratory tests are to be performed to evaluate the effect of composite patches to an operational structure, i.e. to a steel bridge, then it is essential that, in these tests, the cracks are first allowed to developed naturally and then patched/repaired. One means of achieving this is to grow cracks from small etch pits [28] , another way is to use lasers to create small near micron size initial notches [29, 30] .
Unfortunately this realisation means that whilst most of the studies conducted to date on composite repairs are very valuable in that they highlight the benefit that can be obtained using composite repairs such tests should not be used to assess the effect of the repair on an operational structure (aircraft/bridge).
It should nevertheless be stressed that patches designed in this fashion can often dramatically retard crack growth. Indeed the results of the boron epoxy repairs to the Mirage III [31] , where the patch reduced the stress intensity factor by more than 90% 4 [32] and hence was indeed beneath the long crack threshold, and the C-141 repair program [33] show that such repair designs can be very effective. However, as noted in ASTM 647-13a any analysis/design (repair assessment) of a composite repair to an operational structure should use valid da/dN versus ΔK small crack data. This is particularly important since as explained in [34, 35] even for materials that, for long cracks, exhibit crack closure effects the small crack da/dN versus ΔK curve is essentially R ratio and crack closure free. Hence, crack closure based analysis of CFRP repairs to bridge steels, which as we have seen above exhibit little crack closure even if the crack is long, is inapplicable 5 . At this stage it should be reiterated that, it also follows that since the da/dN versus ΔK curves associated with ASTM like specimen tests and specimens in which the crack has grown from a small naturally occurring material discontinuity differ, and hence the fatigue thresholds ΔKth differ markedly, the certification test program should use specimens where prior to patching the crack(s) are grown from small initial material discontinuities.
Exponential crack growth
Following the development of composite repair technology it was subsequently found [1, [38] [39] [40] [41] that cracks that grow in operational aircraft and in full scale fatigue tests and cracks growing beneath composite repairs often exhibit a (near) linear relationship between the log of the crack length and the number of cycles 6 which can be expressed in the form, viz:
where N is the number of cycles, a0 is the initial flaw-like size, and  is a parameter that is both geometry and load dependent. For aluminium alloys, titanium and steels [40, 41, 43, 44 ]  can frequently be expressed in the form:
where  is load spectrum dependent. Indeed, this cubic dependence of the crack growth rate on the stress is incorporated in the US AASHTO bridge design standards [45, 46] . This loglinear formulation together with the cubic stress dependency forms part of the certification basis for RAAF F/A-18 (Hornet), P3C (Orion) aircraft and PC9 trainer aircraft [1, 41, 47, 48] . The physical reason for this 7 formulation is that, as explained in [49, 50] , the growth of cracks that initiate from small naturally occurring material discontinuities behave, as explained by 4 Nevertheless limited crack growth was observed in operational aircraft. 5 Here it should be noted that it is now know that for a range of materials tested under a range of operational load spectra the growth of cracks that initiate and grow from small naturally occurring material discontinuities can be accurately computed using the R ratio independent da/dN versus ΔK small crack relationship and setting closure effects to zero [27, 28, [34] [35] [36] [37] . 6 This is also referred to as exponential crack growth. 7 In the case of cracks that arise and grow from small sub mm material discontinuities. 8 An interview with Professor Mandlebrot where he gives an explanation of fractals and roughness is available on line at: https://www.youtube.com/watch?v=Xm-2ouPGrlY 52]. The fact that this value of the fractal box dimension D (= 1.2) holds for a large crossection of materials is documented in [49, 53] .
As mentioned above [38, 39] revealed that cracks in aluminium structures repaired with a composite patch also exhibit a near linear relationship between the log of the crack length and the number of cycles. This is evident in Figures 7 and 8 which present crack growth curves for a 2024-T3 specimen patched using a seven ply boron epoxy laminate, see [38, 39] for more details. Figure 8 also contains the crack growth history predicted in [38, 39] for the 160 MPa test using the 80 MPa test crack growth history and equations (3) and (4).
Reference [39] also revealed that the data given by Guijt et al [56] which studied the behaviour of boron epoxy and glare (a fibre metal laminate) patches to a 4 mm thick centre cracked 7075-T6 aluminum panel also exhibited a cubic stress dependency. In this test the panels were 180mm wide and 600mm long and contained a centrally loacated center crack with an initial 25 mm long fatigue crack. Single sided patches 75mm wide and 190 mm long were applied to all panels. The panels were tested under constant amplitude loading with σmax = 120 MPa and σmin = 6 MPa. The results are presented in Figure 9 where we also see a near log-linear relationship. Reference [39] also revealed that this relationship also held for patched cracks growing under representative flight load spectra.
Guijt and Verhoeven [57] presented results for a simulated C-5A repair using Glare 2 patches on a 7075-T6 aluminium alloy panel tested under a C5A flight load spectrum. The resultant crack growth histories are presented in Figure 10 , where we again see a near log linear relationship.
A master curve representation for crack growth in operational structures
The 2014 review paper [34] explained that cracks that grow from small naturally occurring material discontinuities under either constant amplitude or representative flight load spectra can be represented by a single master curve regardless of the nature of the spectrum or the material 9,10 , viz:
Here ai and af are the initial and final crack sizes, Ni and Nf are the corresponding number of cycles, and N is the number of cycles required to reach a crack length "a". As noted in [34] as the crack size approaches its critical length we need to account for Kmax approaching its fracture toughness. However, this effect often tends to be small and, as shown in [34] , generally only affects the region a/af > 0.75. A similar deviation from equation (5) occurs as the crack length approaches the initial discontinuity size. As a result the slope of the (N-Ni)/(Nf -Ni) versus (a) (= 1-ln(a/af) /ln(ai/af)) curves sometimes differs slightly from that suggested by equation (5).
This "master curve" representation was shown to hold for a wide range of materials. It was subsequently also shown to hold for cracks growing in both operational aircraft and in full scale fatigue tests under representative operational load spectra [36] , see Figure 11 . Nevertheless, as shown in [27, 28] , this approach predicts that, for tests on centre cracked panels and surface and edge cracks under repeated block loading, for the majority of the fatigue life we should see a near linear relationship between the number of load blocks and the log of the crack length. Furthermore, equation (5) also predicts that this relationship should hold regardless of the material or the nature of the spectra. The accuracy of this prediction 11 is illustrated in both [27, 28] and is shown in Figure  11 , see [28] for more details.
In this paper we will first show that crack growth in centre or edge cracked bridge steels specimens repaired with normal modulus, high modulus or ultra-high modulus (UHM) CFRP patches also has a near linear relationship between the log of the crack length and the number of cycles. We then show that crack growth in patched centre or edge cracked specimens can also be represented by the simple master curve relationship given in equation (5) regardless of whether we are considering aluminium alloy structures repaired with a boron epoxy or a glare patch or bridge steels repaired with normal modulus, high modulus or ultra-high modulus (UHM) CFRP patches.
These findings are important since, when taken in conjunction with the fact that cracking in steel bridges has several similarities to cracking in operational aircraft, they suggest that the methodology used by the Royal Australian Air Force to certify structural modifications to operational aircraft, which are based on the observation that crack growth in operational aircraft is near log-linear and that crack growth is proportional to the cube of the stress, may also be useful for assessing the effect of composite repairs/modifications to steel bridges, see Appendix.
CRACK GROWTH IN STEEL STRUCTURES REPAIRED WITH CFRP PATCHES
The 2013 report [58] by Transportation for America, which summarized a detailed analysis of the US National Bridge Inventory (a database produced by the Federal Highway Administration (FHWA), found that one in nine U.S. bridges had been rated "structurally deficient." To put the problem into perspective [58] commented that, in the USA, there are more trips per day over structurally deficient bridges than there are McDonald's hamburgers eaten in the entire USA. This problem has led to an interest in the ability of CFRP to strengthen steel infrastructure. The use of CFRP to strengthen Melbourne (Australia's) Westgate bridge [59] is an excellent example of the practical use of this technology.
In this context let us examine the effect of CFRP repairs to crack growth in centre or edge cracked bridge steel specimens. Although the log-linear relationship was first observed for boron epoxy and glare composite repairs to aluminium aerospace structures it also appears to hold for CFRP repairs to bridge steels. To illustrate first consider the crack growth data presented in [60] . The (bridge) steel plate had a 10 mm diameter hole in a 90 mm wide plate. The hole contained two diametrically opposed 1 mm initial notches that lay on the centre line of the plate. Figure 12 contains the results obtained for the patch configurations shown in Table 1 . This study used both MBRACE normal modulus and high modulus CFRP. The Young's modulus of the "normal" CFRP was 230,000 MPa and 552,000 MPa for the high modulus CFRP. The thicknesses associated with these two different sheets (patches) were 4.2 mm and 4.5 mm respectively. The Young's modulus of the (bridge) steel plate was 200,000 MPa and its thickness was 10 mm.
As an aside Figure 12 also contains the predicted crack growth history for specimen test DN5B250 using equation (3) and the value of  ( =1.381) associated with specimen test DH5B100 together with equation (4) and the stress ratio (in the steel) associated with these two different CFRP patches. In the notation used in [60] the symbol N denotes specimens repaired with normal modulus CFRP and the symbol H denotes specimens repaired with high modulus CFRP. The notation DNB, DHB refers to specimens that are patched on both sides with normal and high modulus CFRP the notation B to the geometry of the patch used, see Table 1 . Similarly the notation DND, DHD refers to specimens that are patched on both sides with normal and high modulus CFRP and the notation D to the geometry of the patch used, see Table 1 . The notation 100 or 250 refers to the length of the patch. Thus specimen DH5D250 was patched on both sides with five layers of high modulus CFRP. The CFRP was 250 mm long and the geometry of the patch was as per case D. On the other hand specimen DH5C250 was patched on both sides with five layers of high modulus CFRP. The CFRP was 250 mm long and the geometry of the patch was as per case C, see [60] for more details.
Next consider the crack growth data given in Figure 13 in [61] , which used ultra-high modulus CFRP (a 1.5 mm thick MBRACE laminate 460/150 with a primary Young's modulus of 460000 MPa Young's modulus) to repair a 10 mm thick (bridge) steel plate where the steel had an ultimate tensile strength of 530 MPa and a Youngs modulus of 200 MPa. Figure 13 , in [22] , also included data from [62] which used CFRP sheeting. Both data sets are replotted in Figure  13 . In each case we see that crack growth in bridge steels patched with CFRP exhibits a near linear relationship between ln(a) and the number of cycles. It thus appears that this log-linear relationship holds for aluminium panels repaired with either boron epoxy or glare patches or bridge steels repaired with ultra-high, normal, or high modulus CFRP patches.
Reference [63] also presents crack growth data for centre cracked panels repaired using a 1.4 mm thick "normal" modulus CFRP (MBRACE Laminate 210/3300) which had a modulus of 210 MPa to repair a 10 mm thick steel plate which had a Young's modulus of 200 MPa. The crack growth data for different initial damage states, viz: 2, 10, and 20%, which were defined in [63] as the ratio of the initial crack to the width of the specimen, are shown replotted in Figure 14 .
Here we again see a near linear relationship between ln(a) and the number of cycles.
To continue this study consider the crack growth data presented in [64] which tested edge cracked steel beams that were reinforced using pultruded CFRP doublers. The pultruded CFRP doublers (Sika CarboDur M614) had a width of 60 mm and a length of 800 mm. Test specimen B03 had a 1.4 mm thick CFRP doubler, specimen tests B06, B07, B08 and B09 used 2.8 mm thick CFRP doublers. The resultant crack length versus cycles curves are shown in Figure 15 where we again see a near linear relationship between ln(a) and the number of cycles.
Next consider the crack growth data presented in [65] for a 700 mm long, 100 mm wide, and 10 mm thick edge-cracked steel plate patched with a 1.4 mm thick full width CFRP plate with a primary Youngs modulus of 165 MPa. In [65] this specimen is designated specimen E1. The resultant crack length history is shown in Figure 16 where we again see a near linear relationship between ln(a) and the number of cycles.
The universal nature of the value of the fractal box dimension (i.e. a value of D ~ 1.2 regardless of the material) coupled with the similarity seen for crack growth in bridge sections and in the 1969 F-11 wing test, see Figures 1 and 2 , plus the similarity seen in the da/dN versus ΔK curves for D6ac steel and bridge steels, see Figure 3 , and the near log-linear crack growth curves seen in Figures 7-10 and Figures 12-16 suggests that the master curve concept discussed above may also apply to composite repairs to both aircraft and bridge steels. To evaluate this concept Figure 17 presents a graph of φ(a) (= 1-ln(a/af) / ln(ai/af)) against (N-Ni)/(Nf -Ni) for the CFRP bridge steel patched results presented in Figures 12 -16 together with the patched panel test results given in Figures  7-10 . The associated values of ai, af and Ni, Nf are given in Table 2 . Here we see that, allowing for experimental error, the various experimental data sets discussed above do indeed (approximately) conform to this Master Curve regardless of the material, patch or adhesive type.
CONCLUSION
This paper first reveals the similarities between crack growth in aircraft and in bridge steels. It then highlights the role that 1 st ply failure can play in composite repairs and how the results of the F-111 doubler repair program suggests that this particular failure mechanism can largely be suppressed by using a thin interleaf adhesive between the 1 st and 2 nd plies. It has also been mentioned that temperature-environment effects tend to degrade the adhesive composite interface rather than the bond to the metal.
Whilst it had previously been thought that tests on ASTM E647 like test specimens with long cracks that have been grown from artificial notches could be used to assess composite repairs to operational structures this paper explains that this can't be assumed to be true. As a result when designing composite repairs to operational structures the test used to investigate/validate these designs should be on specimens where, prior to patching, the cracks have initiated and subsequently grown from small naturally occurring material discontinuities, for example small initial pits, and then patched once the crack has reached a required length.
It is further shown that analyses of repairs to cracks that have initiated and grown from small naturally occurring material discontinuities in operational structures should use valid small crack da/dN versus ∆K data. Such data is invariably (essentially) R ratio independent. In this context it has been shown that crack growth in bridge steels resembles that seen in the high strength aerospace steel D6ac and that the experimental data reveals that the associated da/dN versus ∆K curves are essentially R ratio independent and hence experience little, if any, crack closure. This means that the use of crack closure based concepts to compute the growth of cracks in CFRP repaired bridge steels is inappropriate.
It is also shown that the experimental data presented reveals that crack growth in centre and edge cracked bridge steels repaired with CFRP patches behaves like crack growth in boron epoxy repairs and glare repairs to cracked aerospace quality aluminium alloy structures in that there is a near linear relationship between the log of the crack length and the number of cycles. We also show that crack growth in bridge steels repaired with CFRP patches can be represented by the same simple master curve relationship that has been found to hold for cracks growing in operational aircraft and in full scale fatigue tests. This master curve relationship is also shown to hold for aerospace quality aluminium alloy structures repaired with boron epoxy and glare patches.
These new findings are important since they suggest that the methodology used by the Royal Australian Air Force to certify structural modifications to a range of operational aircraft, which is based on the observation that growth of lead cracks in operational aircraft is essentially loglinear and that that crack growth is proportional to the cube of the stress, may also be useful for assessing the effect of composite repairs/modifications to steel bridges which generally experience significantly lower stresses. As shown in the Appendix this approach is attractive in that if data is available on the crack growth history prior to patching then the effect of a CFRP repair on crack growth and the remaining life of the section can be estimated without a knowledge of the operational load history and without the need to use a fracture mechanics based crack growth analysis.
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